Introduction
Synapse-associated glial cells, previously considered as passive supporters of the chemical synapse, have recently gained much recognition as an integral and essential component of the tripartite synapse in both the peripheral nervous system and the CNS. A flurry of studies have illustrated that synaptic glia promote synapse formation, maintenance, and repair and are actively involved in modulating synaptic function (Haydon, 2001; Fields and Stevens-Graham, 2002; Newman and Volterra, 2004; Allen and Barres, 2005) . However, the molecular mechanisms of synapse-glia interactions are not well understood. It is thus critical to identify glial cell-derived molecules that contribute to synapse formation and function.
In the vertebrate peripheral nervous system, the synapseassociated glial cells are called perisynaptic Schwann cells (PSCs; also known as terminal Schwann cells), which cap the motor nerve terminals at neuromuscular junctions (NMJs). Similar to their counterparts in the CNS, PSCs are also actively involved in multiple aspects of the NMJ (Kang et al., 2003; Koirala et al., 2003; Colomar and Robitaille, 2004; Feng and Ko, 2007; Ko et al., 2007) . For example, PSCs extend processes that guide the growth of nerve terminals during development (Herrera et al., 2000; Reddy et al., 2003) . These PSC processes are required for the growth and maintenance of developing synapses, because less synaptic growth and more synaptic retraction occur when PSCs are removed by complement-mediated cell lysis . In adult muscles, PSCs sense synaptic transmission by increasing intracellular calcium and are capable of modulating synaptic transmission if pharmacologically manipulated (Colomar and Robitaille, 2004; Todd et al., 2006) . Similar to their role at the developing NMJ, PSCs also promote the long-term maintenance of synaptic structure and function at the adult NMJ . The active role of PSCs has also been demonstrated in muscles after nerve injury, because PSCs sprout and guide nerve terminal regeneration (Reynolds and Woolf, 1992; Son and Thompson, 1995a,b) .
Although synapse-glia interactions have been demonstrated in both the PNS and CNS, very few glial cell-derived molecules that contribute to synaptic function and formation have been identified. Recent studies have shown that astrocyte-derived signals, such as thromspondins (TSPs) and cholesterol, promote synapse formation in the CNS (Mauch et al., 2001; Christopherson et al., 2005) . Our laboratory has shown that Schwann cell-conditioned medium (SC-CM) contains unidentified small molecules that potentiate spontaneous synaptic transmission at developing Xenopus NMJs (Cao and Ko, 2007) . In addition, we have demonstrated that SC-CM increases synaptic numbers in Xenopus nerve-muscle cocultures (Peng et al., 2003) . In the present study, we found that both frog and mammalian SC-CM (mSC-CM) contain transforming growth factor (TGF)-␤1, which belongs to the TGF-␤ superfamily involved in various functions, including cell growth and differentiation (Massagué, 2000) . TGF-␤1 mimics SC-CM and is necessary for promoting synaptogenesis induced by SC-CM. The synaptogenic effect of SC-CM could be attributed to an upregulation of neuronal agrin expression induced by TGF-␤1. Our findings demonstrate that TGF-␤1 is a Schwann cell-derived synaptogenic molecule and, thus, further advance the molecular understanding of synapseglia interactions.
Materials and Methods
Xenopus nerve-muscle cocultures. Spinal neuron and muscle cultures from stage 21-23 Xenopus embryos (Nieuwkoop and Faber, 1994) were prepared as described previously (Peng et al., 1991; Tabti et al., 1998) . In brief, neural tubes together with the associated myotomal tissues were collected from the dorsal surface of stage 21-23 Xenopus embryos and dissociated in Ca 2ϩ -and Mg 2ϩ -free Ringer's solution [containing (in mM): 115 NaCl, 2.6 KCl, 0.4 EDTA, and 10 HEPES, pH 7.6]. The dissociated cells from one embryo were plated on a 35 mm culture dish (VWR) and cultured at room temperature (22-24°C) for 2-4 d before further examination. The basic culture medium consisted of 50% (v/v) Leibovitz's L-15 (Invitrogen) and 50% Ringer's solution [containing (in mM): 115 NaCl, 2 CaCl 2 , 2.6 KCl, and 10 HEPES, pH 7.6].
Preparation of Xenopus Schwann cell cultures and SC-CM. To prepare Schwann cell cultures, sciatic nerves were dissected from adult Xenopus as described previously (Peng et al., 2003; Cao and Ko, 2007) . After epineurial membranes were removed, nerves were minced and treated with 0.3% collagenase in HBSS without Ca 2ϩ and Mg 2ϩ (Invitrogen), together with 0.25% trypsin-EDTA (Invitrogen) at 37°C for 30 min. Dissociated cells were plated on laminin-1 (Invitrogen)-coated culture dishes and cultured at room temperature in medium containing 45% Ringer's solution, 45% L-15, and 10% fetal bovine serum (FBS) (Invitrogen). Culture medium was changed to serum-free medium (50% Ringer's solution/50% L-15) 1 week after plating. The identity of cultured Schwann cells was confirmed by staining with monoclonal antibody (mAb) 2A12 antibodies, which recognize frog Schwann cells (Astrow et al., 1998) . After 2-3 weeks in culture, SC-CM was collected once a week and replenished with fresh serum-free medium. Only cultures in which Ͼ90% of the cells were Schwann cells were used to collect SC-CM.
Preparation of mammalian Schwann cell cultures. Mammalian Schwann cell cultures were prepared according to standard procedures described previously (Cohen and Wilkin, 1995) . Briefly, sciatic nerves were collected from neonatal rats (postnatal days 2-7). After removing epineural membranes, nerves were minced and digested in 0.3% collagenase and 0.25% trypsin-EDTA at 37°C for 45 min. After titration and centrifugation, the dissociated cells were plated on poly-L-lysine-coated culture dishes in culture medium containing 90% high-glucose DMEM (Invitrogen) and 10% FBS. The identity of the cultured Schwann cells was confirmed with S-100 antibody (Sigma) staining (Cohen and Wilkin, 1995) . Bovine pituitary extract at 10 g/ml (Sigma) and 2 M forskolin were used to stimulate Schwann cell proliferation (Chandross et al., 1995) . Mammalian SC-CM was collected from confluent Schwann cell cultures every 3 d. Mammalian SC-CM was concentrated 10-fold using centrifuge filter tubes with molecular weight cutoffs at 5 kDa, and was used at a final concentration of 2ϫ in Xenopus nerve-muscle cultures.
Acetylcholine receptor cluster formation assay. After stimulation under trophic factors plus cAMP elevation for 4 d, Xenopus nerve-muscle cocultures were fixed with 4% paraformaldehyde in Ringer's solution for 30 min at room temperature. The formation of acetylcholine receptor (AChR) clusters was assayed by fluorescence microscopy after labeling nerve-muscle cocultures with Alexa Fluor 594 ␣-BTX (Invitrogen) for AChR clusters. Nerve-muscle contacts were determined by phase-contrast microscopy. To help identify nerve-muscle contacts, in some experiments neurites were stained with rabbit antibody against Xenopus synapsin-1 (Wang et al., 1995) [G473, a generous gift from Dr. Bai Lu (National Institutes of Health, Bethesda, MD)], followed by FITCconjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories). A contact made by a growing neurite along the surface of a muscle cell was counted as one nerve-muscle contact. A nerve-muscle contact that was closely associated with BTX-stained spot(s) was counted as one nerve-muscle contact with AChR clusters. The total number of nerve-muscle contacts and the number of those associated with AChR clusters were counted. The size of AChR clusters was measured using NIH ImageJ software.
Immunoblotting and immunoprecipitation. For Western blots, SC-CM was concentrated ϳ10-fold using Microcon-3 centrifuge filters (Millipore). The concentrated SC-CM was collected and loaded for SDS-PAGE, and the proteins were transferred to a polyvinylidene fluoride membrane. A polyclonal anti-TGF-␤1 antibody (1:200) (Santa Cruz Biotechnology), followed by alkaline phosphatase-conjugated goat antirabbit IgG secondary antibody (1:1000) (Santa Cruz Biotechnology) was used to detect TGF-␤1 in SC-CM.
For immunoprecipitation, SC-CM was incubated with a monoclonal antibody to TGF-␤1 (Sigma) overnight at 4°C. Antigen-antibody complexes were removed by incubation with Protein G-Sepharose beads (Pierce Biotechnology) for 2 h at 4°C and followed by centrifugation to separate the supernatant. Proteins from the protein G-Sepharose beads were eluted and were further analyzed using Western blotting. A sample of the supernatant was saved for Western blotting. The supernatant was examined using the AChR cluster formation assay.
ELISA. The protein concentration of TGF-␤1 in SC-CM was assessed using direct ELISA. A 96-well flat-bottomed microtiter plate (VWR) was coated with SC-CM overnight at 4°C. After washing and blocking, the plate was incubated with a monoclonal antibody to TGF-␤1 (1:400) (Sigma) in blocking solution for 2 h at room temperature, followed by a 1 h incubation with an HRP-conjugated anti-mouse secondary antibody (1:1000) (Santa Cruz Biotechnology). 3,3Ј,5,5Ј-TMB (Sigma) was used as an HRP substrate. After 30 min of color development in the dark, the reaction was terminated by the addition of 25 l of 2 M H 2 SO 4 per 100 l of substrate solution, and the optical densities were measured by a microplate reader at 450 nm. A standard curve using recombinant human TGF-␤1 was included in each ELISA experiment. The concentration of TGF-␤1 in SC-CM was interpolated from the standard curve.
Reverse transcription PCR. To test the expression of agrin mRNA, cells from pure neuron cultures were lysed using TRIzol reagent (Invitrogen), and total RNA was isolated after TRIzol reagent protocol. First-strand cDNA was synthesized using an Omniscript RT Kit (Qiagen) and oligo(dT) 12-18 primer (Invitrogen) at 37°C for 1 h. cDNA products from the reverse transcription reactions were amplified using the TaqPCR master mix kit (Qiagen). PCRs were performed using the Robocycler Gradient 40 (Stratagene) for 35 cycles of 94°C for 1 min, 55°C for 1.5 min, and 72°C for 1.5 min. PCR products were separated by electrophoresis on a 12% polyacrylamide gel and stained with ethidium bromide. Gels were visualized using a UV transilluminator, and images were taken using a digital camera. For agrin, primers flanking the frog agrin alternative splicing site B were designed based on the GenBank sequence AF096690 (Werle et al., 1999) : forward, 5Ј-TCT CTG GAG GAC AAT GTG AGA AAG C-3Ј; and reverse, 5Ј-CCT GAG TGG CTT CAG TCT TTA TGC-3Ј. The housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH ) was used to confirm the equal loading of samples for the reverse transcription and PCRs. The primers for GAPDH were designed on the basis of the GenBank sequence U41573: forward, 5Ј-GTG TAT GTG GTG GAA TCT-3Ј; and reverse, 5Ј-AAG TTG TCG TTG ATG ACC TTT GC-3Ј.
To examine the expression of TGF-␤1 and TGF-␤1 type II receptors in Schwann cells, muscle cells, and neurons, total RNA from cultured Schwann cells, cultured muscle cells, and cultured neurons were isolated using the same protocol, respectively, as described above. After reverse transcriptase reactions, the cDNAs were amplified using the TaqPCR master mix kit by different primers. The primers for TGF-␤1 were as follows: forward, 5Ј-GGC GAG TTT GAG TTC CAA AG-3Ј; and reverse, 5Ј-TAA CGG GTT CAT CGA TCC TC-3Ј. The primers for TGF-␤1 type II receptors were as follows: forward, 5Ј-ATG GTG ACG GTA CTG TTC TAC-3Ј; and reverse, 5Ј-CCT CAC CTC TCC GGA GGC ATC-3Ј. The PCR products were separated by 2% agarose gel and visualized with a UV transilluminator.
Statistical analysis. Duplicate or triplicate cultures with each treatment were prepared for each experiment. The data from at least three independent experiments were pooled together. All data, given as mean Ϯ SEM, were acquired and analyzed blinded to treatment types. Two-tailed and unequal variance Student's t tests were used to determine statistical difference. Significance was defined as p Ͻ 0.05.
Results

Schwann cells promote synaptogenesis in vitro
We used Xenopus nerve-muscle cocultures to examine the synaptogenic effect of Schwann cells because Xenopus cultures provide a convenient bioassay to study synaptogenesis. When embryonic Xenopus spinal neurons are cocultured with myotomal muscle cells, neuronal processes make random contacts with muscle cells, followed by the formation of NMJs. One characteristic of vertebrate NMJ formation is the clustering of AChRs on the muscle cell at the nerve-muscle contact, which can be visualized by ␣-BTX staining (Anderson and Cohen, 1977) . The extent of synapse formation can be quantified by counting the percentage of nerve-muscle contacts that are associated with AChR clusters. To avoid the potential variations caused by different batches of SC-CM, the same batch of SC-CM was used when cultures with various treatments were compared with control cultures.
In the absence of trophic support, dissociated Xenopus spinal neurons do not survive long in culture, and the majority of neurons die within 3 d after plating. To increase the survival of Xenopus spinal neurons, we followed the procedures previously described by Peng et al. (2003) using the dissociated Xenopus spinal neurons that could survive for 7-10 d in cultures when treated with a mixture of trophic factors plus elevation of cAMP level (indicated here as trophic stimulation) (see Materials and Methods). As previously shown, although spinal neurons extended neurites profusely after this treatment, NMJ formation between neurons and muscles was reduced, because few AChR clusters were observed at nerve-muscle contacts ( Fig. 1 A, B) . When SC-CM was added to nerve-muscle cocultures under trophic stimulation, more AChR clusters were formed along nerve-muscle contacts (Fig. 1C,D) . Quantified data are shown in Figure 1 E. Data from sister cultures were compared. Only 20.4 Ϯ 3.5% of the nerve-muscle contacts were associated with AChR clusters in cultures under trophic stimulation alone (625 nerve-muscle contacts counted in four experiments) (duplicate or triplicate cultures were used in each experiment throughout this study; see Materials and Methods). The addition of SC-CM significantly ( p Ͻ 0.05, Student's t test) increased the formation of AChR clusters to 52.7 Ϯ 3.3% of the nerve-muscle contacts (359 contacts counted in four experiments). These data confirm that, although trophic stimulation promotes neuronal survival and neurite outgrowth, it inhibits synaptogenesis between neurons and muscle cells, as shown previously (Peng et al., 2003) . Molecules derived from Schwann cells are able to restore the synaptogenic ability of neurons. Furthermore, because SC-CM is sufficient to promote synapse formation without the presence of Schwann cells themselves, the synaptogenic factors produced by Schwann cells appear to be diffusible molecules.
To identify the synaptogenic molecules of Schwann cells, we first investigated the ranges of their molecular weights. Using centrifugal filters with different molecular weight cutoffs (5 or 30 kDa), we could separate SC-CM into three fractions: the fraction with molecules smaller than 5 kDa, the fraction with those between 5 kDa and 30 kDa, and the fraction with those larger than 30 kDa. These three fractions of SC-CM were then surveyed for their synaptogenic effects using AChR cluster formation assays. As quantified in Figure 1 E, only the fraction containing molecules between 5 and 30 kDa was effective in increasing the formation of AChR clusters at nerve-muscle contacts [SC-CM (5-30 kDa), 51.1 Ϯ 2.5%; 360 nerve-muscle contacts counted in four experiments]. This fraction of SC-CM that contained molecules between 5 and 30 kDa enhanced the formation of AChR clusters to a degree similar to the same batch of SC-CM without filtering (SC-CM, 52.7 Ϯ 3.3%; 359 contacts counted in four experi- Xenopus nerve-muscle cocultures were treated with neurotrophins plus cAMP elevation (trophic stimulation). In this example, no ␣-BTX-positive staining was detected at the nervemuscle contacts (arrowheads). In this figure and the following figures, the top panels depict ␣-BTX staining for AChRs seen with fluorescence microscopy; the bottom panels combine fluorescence microscopy of ␣-BTX and synapsin staining for neurites with phase-contrast microscopy. Note that yolk granules, which are autofluorescent, can be seen in some muscle fibers. C, D, Nerve-muscle cocultures with trophic stimulation were also treated with SC-CM. Positive ␣-BTX staining at nerve-muscle contacts is labeled with arrowheads. Scale bar in D applies to A-C. E, Quantification of AChR cluster formation at nerve-muscle contacts under various treatments. Nerve-muscle cocultures with trophic stimulation alone showed AChR clusters only at 20.4 Ϯ 3.5% of nerve-muscle contacts [control (open bar), 625 contacts]. SC-CM and the fraction of SC-CM containing molecules between 5 and 30 kDa increased the percentage of nerve-muscle contacts associated with AChR clusters to 52.7 Ϯ 3.3% (359 contacts) and 51.1 Ϯ 2.5% (360 contacts), respectively. Neither the fraction of SC-CM containing molecules smaller than 5 kDa (23.7 Ϯ 2.3%; 216 contacts) nor the fraction containing molecules larger than 30 kDa (32.2 Ϯ 2.1%; 397 contacts) increased significantly, compared with control, the percentage of nerve-muscle contacts associated with AChR clusters. Thus, molecules derived from Schwann cells that are active in increasing synaptic number are within the molecular weight range of 5-30 kDa. Data are mean Ϯ SEM. *p Ͻ 0.05; two-tailed, unequal variance Student's t test. ments). The other two fractions of SC-CM that contained molecules either smaller than 5 kDa or larger than 30 kDa had no significant effect on the formation of AChR clusters at nerve-muscle contacts [SC-CM (Ͻ5 kDa), 23.7 Ϯ 2.3%; 216 contacts counted in four experiments; and SC-CM (Ͼ30 kDa), 32.2 Ϯ 2.1%; 397 contacts counted in four experiments]. Together, these results suggest that the synaptogenic molecules derived from Schwann cells are molecules between 5 and 30 kDa.
TGF-␤1 mimics the synaptogenic effect of SC-CM
A variety of molecules, including growth factors and extracellular matrix molecules, are secreted by Schwann cells (Mirsky et al., 2002) . Some of these molecules, such as BDNF, glial cell line-derived neurotrophic factor, and NT3/4, are already present in our control culture medium without SC-CM and, therefore, unlikely to be responsible for the synaptogenic effect of SC-CM. Using a candidate approach, we identified TGF-␤1 as an intriguing possible synaptogenic factor. In Drosophila, BMPs, members of the TGF-␤ superfamily, promote synaptic growth at NMJs McCabe et al., 2003) . Whether TGF-␤1 plays a similar role at vertebrate NMJs has been unknown. However, TGF-␤ receptor type II (T␤R-II) is expressed by motor neurons and localized at NMJs (Krieglstein et al., 1998; Jiang et al., 2000) , and vertebrate Schwann cells express TGF-␤1 (Scherer et al., 1993) . More importantly, TGF-␤1 presents itself as a homodimer protein of 25 kDa, which is within the molecular weight range of 5-30 kDa. Together, these results led us to explore the possibility that TGF-␤1 mediates, at least in part, the synaptogenic effect of Schwann cells.
We first examined whether TGF-␤1 could promote synaptogenesis in Xenopus nerve-muscle cultures. Human recombinant TGF-␤1 was added to Xenopus nerve-muscle cultures under trophic stimulation. Similar to SC-CM, 2-d treatment of TGF-␤1 (10 ng/ml) significantly increased the prevalence of NMJ formation: the percentage of nerve-muscle contacts associated with AChR clusters in TGF-␤1-treated cultures was increased to 60.3 Ϯ 3.0% (1069 nerve-muscle contacts counted in 11 experiments), compared with 20.6 Ϯ 1.8% (874 nerve-muscle contacts counted in 11 experiments) in sister cocultures under trophic stimulation alone ( p Ͻ 0.05, Student's t test) (Fig. 2 A-E) . This effect of TGF-␤1 was dose-dependent, with the concentration of TGF-␤1 ranging from 5 to 20 ng/ml and reaching a plateau at a concentration of 10 ng/ml (Fig. 2 F) . Thus, 10 ng/ml TGF-␤1 was used in all subsequent experiments. In addition, TGF-␤1 enhanced the size of AChR clusters formed along nerve-muscle contacts (Fig. 2G) . The increase of synaptogenesis by TGF-␤1 or SC-CM is not attributable to nonspecific effects on neuronal survival or neurite outgrowth, because no significant changes were observed in neuronal survival, neurite numbers, or neurite outgrowth in pure Xenopus neuron cultures under trophic stimulation (supplemental Fig. S1 A-C, available at www.jneurosci.org as supplemental material). Additionally, the enhancement of synaptogenesis by TGF-␤1 or SC-CM is not a direct effect of AChR cluster formation on muscles, as shown by the lack of changes in the number or the size of spontaneous AChR clusters in pure Xenopus muscle cultures treated with TGF-␤1 or SC-CM (supplemental Fig. S1 D, E, available at www.jneurosci.org as supplemental material). Altogether, these results demonstrate that TGF-␤1, similar to SC-CM, promotes synaptogenesis in Xenopus nerve-muscle cocultures.
To determine whether the synaptogenic effect is specific to TGF-␤1, we also tested TGF-␤2 in Xenopus nerve-muscle cocultures. TGF-␤2 was not effective in increasing the number of AChR clusters at nerve-muscle contacts [TGF-␤2 (10 ng/ml), 21.0 Ϯ 2.7%; 156 nerve-muscle contacts counted in three experiments, compared with sister control cultures, 22.2 Ϯ 3.3%; 84 contacts counted in three experiments). A recent study has shown that TSPs derived from astrocytes promote synapse for- No ␣-BTX staining was observed at the nerve-muscle contacts (arrowheads) in this example. C, D, Nervemuscle cocultures were treated with TGF-␤1 (10 ng/ml) in addition to trophic stimulation. Note that ␣-BTX staining was present at nerve-muscle contacts (arrowheads). Scale bar in D applies to A-C. E, The effect of TGF-␤1 (10 ng/ml) on the formation of AChR clusters was quantified. Whereas AChR clusters were formed only at 20.3 Ϯ 1.9% of nerve-muscle contacts (n ϭ 985), in cocultures with trophic stimulation only (control, open bar), both TGF-␤1 (10 ng/ml) and SC-CM significantly increased the percentage of nerve-muscle contacts associated with AChR clusters (TGF-␤1, 59.8 Ϯ 3.3%, 1013 contacts; and SC-CM, 62.3 Ϯ 2.8%, 901 contacts). Altogether, TGF-␤1, similar to SC-CM, increased the formation of AChR clusters in nerve-muscle cocultures. F, The dose-response curve of TGF-␤1 in the formation of AChR clusters at nerve-muscle contacts. The synaptogenic effect of TGF-␤1 ranged from 38.8 Ϯ 1.8% (n ϭ 300 contacts) at 5 ng/ml to 61.9 Ϯ 1.3% (n ϭ 213 contacts) at 20 ng/ml, and it reached a plateau at the concentration of 10 ng/ml (63.2 Ϯ 2.6%, n ϭ 501 contacts). G, The effects of TGF-␤1 and SC-CM on the size of AChR clusters at nerve-muscle contacts in nerve-muscle cocultures were quantified. The average size of each AChR cluster formed along nerve-muscle contacts with trophic stimulation alone was 50.5 Ϯ 5.5 m 2 (n ϭ 40 contacts) (open bar). The addition of TGF-␤1 or SC-CM doubled the size of AChR clusters formed per unit length of nerve-muscle contacts (TGF-␤1, 95.4 Ϯ 8.6 m 2 , n ϭ 121 contacts; and SC-CM, 106.1 Ϯ 7.6 m 2 , n ϭ 83 contacts). Data are mean Ϯ SEM. Two-tailed, unequal variance Student's t test was used to determine statistical difference. Significance was defined as *p Ͻ 0.05. mation in retinal ganglia cell cultures (Christopherson et al., 2005) . In contrast to the CNS, TSPs did not enhance synapse number in our Xenopus cultures [TSP (100 ng/ml), 22.1 Ϯ 2.6%; 186 nerve-muscle contacts counted in two experiments, compared with sister control cultures, 21.9 Ϯ 3.6%; 167 contacts counted in two experiments]. Therefore, although promoting synaptogenesis is a shared feature among synaptic glial cells, astrocytes and Schwann cells appear to exert their effects via different molecular signaling pathways.
The synaptogenic effect of Schwann cells is mediated by TGF-␤1
To explore the possibility that TGF-␤1 mediates the synaptogenic effect of SC-CM, we first examined whether TGF-␤1 proteins are present in SC-CM. By RT-PCR, we found that TGF-␤1 gene was expressed in Schwann cells from Xenopus sciatic nerves, as well as cultured Xenopus Schwann cells, but was not detectable in cultured Xenopus spinal neurons or muscle cells (Fig. 3A) . In addition, TGF-␤1 protein was detected in SC-CM by Western blot (Fig. 3B) . The concentration of TGF-␤1 in SC-CM (without being concentrated) was ϳ20 ng/ml, as assessed by ELISA. Furthermore, as shown by RT-PCR, T␤R-II was expressed in cultured Xenopus spinal neurons, but not in cultured Xenopus muscle cells (Fig. 3C) . Hence, the presence of TGF-␤1 protein in SC-CM and the expression of T␤R-II in cultured Xenopus spinal neurons suggest that Schwann cell-derived TGF-␤1 may bind to T␤R-II on neurons, which in turn activates a TGF-␤ signaling pathway in neurons and may play a role in modulating neuronal functions.
To test the potential involvement of TGF-␤1 in the synaptogenic effect of SC-CM, we used immunoprecipitation to deplete TGF-␤1 protein from SC-CM. The absence of TGF-␤1 protein in SC-CM after immunoprecipitation was confirmed by Western blot (Fig. 4 J) . Whether SC-CM after immunodepletion of TGF-␤1 is capable of increasing synaptic numbers was then examined in nerve-muscle cocultures under trophic stimulation. As shown in Figure 4 , whereas few AChR clusters were formed at the nerve-muscle contacts in control cultures (A, B) , the treatment of TGF-␤1 (C, D) or SC-CM (E, F ) substantially increased the number of AChR clusters formed along the nerve-muscle contacts. When TGF-␤1 was removed from the same batch of SC-CM by immunoprecipitation, SC-CM was no longer effective in increasing the formation of AChR clusters at the nerve-muscle contacts (G, H ). As quantified in Figure 4 I, both TGF-␤1 and SC-CM restored the level of synapse formation (TGF-␤1, 60.9 Ϯ 3.5%; 809 contacts counted in nine experiments; and SC-CM, 62.9 Ϯ 3.1%; 518 contacts counted in nine experiments), compared with sister control cocultures under only trophic stimulation (19.7 Ϯ 2.1%; 687 contacts counted in nine experiments). In contrast, SC-CM that had been immunodepleted of TGF-␤1 failed to increase the percentage of nerve-muscle contacts associated with AChR clusters (SC-CM depleted of TGF-␤1, 19.8 Ϯ 2.5%; 742 contacts counted in five experiments), which was a result similar to that found with control cultures.
It is known that TGF-␤1 is secreted as a latent dimeric complex and activated by the release of mature TGF-␤1 from its noncovalently associated proproteins, called latencyassociated proteins (LAPs) (Massagué, 1998; Hyytiäinen et al., 2004) . The association of recombinant LAP prevents TGF-␤1 from binding to its cell-surface receptor T␤R-II, thereby inhibiting the bioactivity of TGF-␤1 (Gentry and Nash, 1990; Böttinger et al., 1996) . To test whether LAP blocks the synaptogenic effect of TGF-␤1 in our culture system, recombinant LAP (25 ng/ml) was applied together with TGF-␤1 to nervemuscle cocultures. As quantified in Figure 4 I, the synaptogenic effect of TGF-␤1 was blocked by LAP (TGF-␤1 ϩ LAP, 17.5 Ϯ 2.6%; 556 contacts counted in five experiments, compared with TGF-␤1, 60.9 Ϯ 3.5%). To examine whether TGF-␤1 is necessary for the effect of SC-CM in synaptogenesis, LAP was added to nerve-muscle cultures together with SC-CM. The synaptogenic effect of SC-CM was also abolished by LAP (SC-CM ϩ LAP, 21.4 Ϯ 2.5%; 624 contacts counted in five experiments, compared with SC-CM, 62.9 Ϯ 3.1%). Together, these findings suggest that TGF-␤1 is not only sufficient but also required for the synaptogenic effect of SC-CM.
Having demonstrated the requirement of TGF-␤1 in the synaptogenic effect of SC-CM, we next asked whether the typical TGF-␤ signaling pathway was involved in TGF-␤1-or SC-CMenhanced synaptogenesis. TGF-␤1 elicits its bioactivity via a heteromeric receptor complex, consisting of TGF-␤ receptors type I (T␤R-I) and T␤R-II (ten Dijke and Hill, 2004) . T␤R-II is required for the transmembrane signaling of TGF-␤1, whereas phosphorylation of T␤R-I by T␤R-II is required for activating SMAD proteins and propagating the cellular signal downstream of TGF-␤1. As shown above, cultured Xenopus spinal neurons express T␤R-II (Fig. 3C) , and preventing the binding of TGF-␤1 to T␤R-II by LAP abolishes the synaptogenic effect of T␤R-II (Fig. 4 I) . To directly test the involvement of TGF-␤ receptors, T␤R-I kinase inhibitor activin receptor-like kinase-5 (ALK-5) was used together with TGF-␤1 in nerve-muscle cocultures. The increase induced by TGF-␤1 in the percentage of nerve-muscle contacts associated with AChR clusters was abolished by ALK-5 inhibitor (100 nM) (TGF-␤1 ϩ T␤R-I inhibitor, 20.0 Ϯ 2.3%; 251 contacts counted in four experiments) (Fig. 4 I) . The synaptogenic effect of SC-CM was also impeded by T␤R-I kinase inhibitor (SC-CM ϩ T␤R-I inhibitor, 28.2 Ϯ 0.9%; 284 contacts counted in four experiments). Therefore, our data suggest that TGF-␤1 elicits its synaptogenic effect via the activation of T␤R-I. The fact that T␤R-I kinase inhibitor also blocks the synaptogenic effect of SC-CM further supports the hypothesis that TGF-␤1 mediates Schwann cell-promoted synaptogenesis.
Mammalian Schwann cells promote synaptogenesis in vitro
The synaptogenic effect of Xenopus Schwann cells raises the question of whether mammalian Schwann cells also promote NMJ formation. As demonstrated in Figure 5A , TGF-␤1 mRNA was detected in neonatal rat sciatic nerves and cultured rat Schwann cells. In addition, TGF-␤1 proteins were present in mSC-CM as confirmed with Western blot (Fig. 5B) . Thus, mammalian Schwann cells, by releasing TGF-␤1, might also enhance synaptogenesis. To test this hypothesis, we first examined the effect of mSC-CM in synapse formation using were formed along nerve-muscle contacts (arrowheads) in this example. C, D, Nerve-muscle cocultures were treated with TGF-␤1 in addition to trophic stimulation. More ␣-BTX staining was observed at nerve-muscle contacts (arrowheads). E, F, Nerve-muscle cocultures were treated with SC-CM in the presence of trophic stimulation. In this example, note that AChR clusters were formed at nerve-muscle contacts (arrowheads). G, H, One example of nerve-muscle cocultures treated with SC-CM that was immunodepleted of TGF-␤1. No ␣-BTX staining was detected at nerve-muscle contacts when SC-CM was depleted of TGF-␤1. Scale bar in H applies to A-G. I, The formation of AChR clusters at nerve-muscle contacts under different treatments was quantified. Data from 5-10 independent experiments were combined. Only 19.7 Ϯ 2.1% of nerve-muscle contacts (n ϭ 687) were associated with AChR clusters in control cultures with trophic stimulation only, whereas both TGF-␤1 and SC-CM increased the percentage of nerve-muscle contacts associated with AChR clusters (TGF-␤1, 60.9 Ϯ 3.5%, n ϭ 809 contacts; and SC-CM, 62.9 Ϯ 3.1%, n ϭ 519 contacts). SC-CM immunodepleted of TGF-␤1 lost its synaptogenic effect: only 19.8 Ϯ 2.5% of contacts (n ϭ 742) were associated with AChR clusters. LAP, which prevents TGF-␤1 from binding to its receptors, blocked the synaptogenic effect of TGF-␤1 and SC-CM (TGF-␤1 ϩ LAP, 17.5 Ϯ 2.6%, n ϭ 556 contacts; SC-CM ϩ LAP, 21.4 Ϯ 2.5%, n ϭ 624 contacts). Additionally, blockade of T␤R-I kinase ALK-5 abolished the synaptogenic effect of TGF-␤1 and SC-CM (TGF-␤1 ϩ T␤R-I inhibitor, 20.0 Ϯ 2.3%, n ϭ 251 contacts; SC-CM ϩ T␤R-I, 25.8 Ϯ 1.7%, n ϭ 284 contacts). Thus, TGF-␤1 is required for the synaptogenic effect of SC-CM. Data are mean Ϯ SEM, *p Ͻ 0.05; two-tailed, unequal variance Student's t test. J, TGF-␤1 protein was detected in SC-CM (lane 1), as well as in SC-CM with mock immunoprecipitation (IP) (lane 2) (beads without antibodies against TGF-␤1, lane 4). After immunoprecipitation with antibodies against TGF-␤1, TGF-␤1 protein was absent from SC-CM (lane 3) but was associated with protein G-Sepharose beads (lane 5).
AChR cluster formation assay in Xenopus nerve-muscle cultures (Fig. 5C-K ) . The presence of mSC-CM significantly increased the percentage of nerve-muscle contacts associated with AChR clusters, compared with sister control cultures (mSC-CM, 66.8 Ϯ 4.5%; 247 contacts counted in five experiments, versus control, 18.3 Ϯ 2.5%; 242 contacts counted in five experiments). The enhancement by mSC-CM is similar to that produced by TGF-␤1 treatment (68.1 Ϯ 2.5%; 239 contacts counted in five experiments). Furthermore, mSC-CM immunodepleted of TGF-␤1 failed to increase the number of A, The expression of TGF-␤1 mRNA in mammalian tissues was examined using RT-PCR. Cultured rat Schwann cells, as well as sciatic nerves from neonatal rats, expressed TGF-␤1 mRNA. B, The presence of TGF-␤1 protein was investigated by Western blot. TGF-␤1 protein was detected in mammalian SC-CM. Human recombinant TGF-␤1 was used as a positive control and culture medium (DMEM) was used as a negative control for Western blot. C, D, Xenopus nerve-muscle cocultures were treated with trophic stimulation only. The formation of AChR clusters was reduced along the nerve-muscle contacts (arrowheads). E, F, Nerve-muscle cocultures with trophic stimulation were treated with TGF-␤1. The formation of AChR clusters was restored at nerve-muscle contacts (arrowheads), as demonstrated by the positive staining of ␣-BTX. G, H, Nerve-muscle cocultures were treated with mammalian SC-CM in the presence of trophic stimulation. The addition of mammalian SC-CM increased the formation of AChR clusters at nerve-muscle contacts (arrowheads). I, J, Nerve-muscle cocultures were treated with mammalian SC-CM that was immunodepleted of TGF-␤1 protein. In this example, note that no ␣-BTX staining was observed at nerve-muscle contacts (arrowheads). Scale bar in J applies to C-I. K, Quantification of the formation of AChR clusters at nerve-muscle contacts. Data from five independent experiments were combined. In control nerve-muscle cocultures with trophic stimulation alone, only 18.3 Ϯ 2.5% of nerve-muscle contacts (n ϭ 242) were associated with AChR clusters. The addition of mammalian SC-CM increased the percentage of nerve-muscle contacts associated with AChR clusters to 66.8 Ϯ 4.5% (mSC-CM, 247 contacts), which is similar to the effect produced by treatment with TGF-␤1 (TGF-␤1, 68.1 Ϯ 2.5%, 279 contacts). When TGF-␤1 protein was immunodepleted from SC-CM, SC-CM was no longer effective in promoting the formation of AChR clusters at nerve-muscle contacts (mSC-CM after immunoprecipitation with mAb TGF-␤1, 18.6 Ϯ 2.2, n ϭ 311 contacts]. Because mammalian Schwann cells were cultured in DMEM, DMEM was used as a control. DMEM alone had no effect on the formation of AChR clusters at nerve-muscle contacts (DMEM, 17.4 Ϯ 1.3%, n ϭ 238 contacts). Data are mean Ϯ SEM, *p Ͻ 0.05; two-tailed, unequal variance Student's t test.
synaptic contacts (mSC-CM depleted of TGF-␤1, 18.6 Ϯ 2.2%; 311 contacts counted in five experiments, compared with control, 18.3 Ϯ 2.5%), suggesting that the synaptogenic effect of mammalian SC-CM requires TGF-␤1. Together, these results show that mammalian Schwann cells, similar to Xenopus Schwann cells, also promote synaptogenesis in vitro. The synaptogenic effect of mammalian Schwann cells is likely mediated by TGF-␤1 as well.
TGF-␤1 promotes synaptogenesis by upregulating neural agrin expression
How does TGF-␤1 promote synaptogenesis? As shown above, TGF-␤1 itself does not affect AChR cluster formation in pure muscle cultures (supplemental Fig. S1 D, available at www. jneurosci.org as supplemental material). Together with the observation that T␤R-II is expressed in spinal neurons but not muscle cells in Xenopus cultures (Fig. 3C) , it is likely that TGF-␤1 elicits its synaptogenesis-promoting effect via presynaptic neurons.
It is known that neuronal agrin is required for the development of postsynaptic structures at vertebrate NMJs (Sanes and Lichtman, 2001 ). There are four isoforms of agrin, which differ in the number (0, 8, 11, or 19) of amino acids inserted at the B site (called Z site in mammalian agrin) near the C terminal (Tsim et al., 1992) . B8, B11, and B19, but not B0, agrin isoforms are effective in inducing AChR clusters in muscles Gesemann et al., 1995) . Motoneurons, muscles, and Schwann cells all express B0 agrin, whereas only motoneurons (Tsim et al., 1992) and Schwann cells (in the frog) (Yang et al., 2001 ) express B8, B11, and B19 agrin. We have previously shown that although trophic stimulation promotes neurite outgrowth and neuronal survival, it inhibits the expression of agrin in spinal neurons, thereby preventing the formation of AChR clusters at nervemuscle contacts (Peng et al., 2003) . Schwann cell-derived molecules restore neuronal agrin expression and promote synapse formation. To test whether TGF-␤1 acts in a manner similar to SC-CM in regulating agrin expression, RT-PCR was performed to examine agrin mRNA levels in pure spinal neurons under various conditions. As shown in Figure 6 A, a very low level of agrin was expressed in neurons in control cultures under trophic stimulation alone (lane 2). The addition of TGF-␤1 (lane 3) or SC-CM (lane 4) restored the expression of all isoforms of agrin in cultured neurons. However, SC-CM that had been immunodepleted of TGF-␤1 did not affect the expression of agrin in neurons (lane 5), which showed a level of agrin similar to that in controls (lane 2). Agrin expression levels under various treatments were quantified in Figure 6 B. TGF-␤1 and SC-CM each increased the mRNA level of active agrin (B8, B11, and B19) to ϳ5-fold compared with control neuron cultures under trophic stimulation alone, whereas SC-CM depleted of TGF-␤1 did not affect agrin mRNA levels in neurons. Agrin expression in muscle cells was not affected by TGF-␤1 or SC-CM: only B0 agrin was expressed in muscle cells under all conditions (Fig. 6C) . The effect of TGF-␤1 on agrin expression is not caused by general upregulation of synaptic proteins because synapsin expression in neurons was not affected by TGF-␤1 or SC-CM (Fig. 6 D) . Together, these data suggest that TGF-␤1 may exert its synaptogenesis-promoting effect by upregulating the expression of neuronal agrin. In addition, the similar effects of TGF-␤1 and SC-CM with regard to increasing agrin expression in neurons, together with the fact that TGF-␤1-depleted SC-CM has no effect on agrin expression, further supports the theory that TGF-␤1 is required for SC-CMpromoted synapse formation.
Discussion
Schwann cell-derived TGF-␤1 promotes synaptogenesis at the developing NMJ in vitro The present study has provided several lines of evidence supporting the novel idea of TGF-␤1 as a Schwann cell-derived factor that promotes synaptogenesis. First, the synaptogenic effect (measured as the increase in AChR clusters at nerve-muscle contacts) of Schwann cells is mediated by soluble molecules within the molecular weight range of 5-30 kDa. Second, TGF-␤1, a homodimer protein of 25 kDa, is sufficient to increase synaptic numbers in Xenopus nerve-muscle cocultures. Third, Xenopus Schwann cells express TGF-␤1, and SC-CM contains TGF-␤1 protein as well. Fourth, SC-CM immunodepleted of TGF-␤1 fails to promote synaptogenesis, indicating that TGF-␤1 is required for the synaptogenic effect of SC-CM. In addition, LAP, which prevents TGF-␤1 bioactivity by forming latent complex with TGF-␤1, blocks the effects of both TGF-␤1 and SC-CM in synapse formation. Finally, ALK-5 kinase inhibitor abolishes the effects of both TGF-␤1 and SC-CM in enhancing synaptogenesis. Thus, the synaptogenic effect of TGF-␤1 is elicited via activating T␤R-I receptor kinase ALK-5. Together, our findings demonstrate that TGF-␤1 is necessary and sufficient to mediate the SC-CM-induced synaptogenesis in vitro. To our knowledge, TGF-␤1 is the first Schwann cell-derived synaptogenic molecule identified in the PNS.
We have recently shown that SC-CM also enhances spontaneous synaptic transmission at developing NMJs both in cultures and in situ (Cao and Ko, 2007) . The potentiation of SC-CM in synaptic transmission is mediated by unknown small molecules between 500 and 5000 Da. Because TGF-␤1 itself has no effect on spontaneous transmitter release (data not shown), and TGF-␤1 is a homodimer protein of 25 kDa, the potentiation effect of Schwann cells is unlikely to be mediated by TGF-␤1. In the CNS, it has been reported that TSPs mediate the synaptogenic effect of astrocytes (Christopherson et al., 2005) . However, TSPs did not increase the synaptic numbers in Xenopus nerve-muscle cultures. In addition, TSPs form large (Ͼ300 kDa) oligomeric complexes, which are beyond the range of 5-30 kDa. Thus, TSPs themselves unlikely have a direct effect on the synaptogenic effect of Schwann cells.
How does TGF-␤1 promote synaptogenesis?
The increase in the number of AChR clusters formed at nervemuscle contacts indicates that TGF-␤1 promotes synaptogenesis. We have previously shown that Schwann cells express both active and inactive forms of agrin (Yang et al., 2001 ). Thus, it is possible that Schwann cell-released agrin results in a global increase in the formation of AChR clusters on muscle cells, which would result in a higher chance of encountering AChR clusters near neurites. This, however, seems unlikely because SC-CM contains only a small amount of native agrin, probably because of protein degradation in SC-CM collected from the long-term Schwann cell cultures (Yang et al., 2001 ). In addition, we did not observe any increase in the number of AChR clusters in pure muscle cultures treated with SC-CM or TGF-␤1. Furthermore, SC-CM depleted solely of TGF-␤1 loses its synaptogenic effect on nerve-muscle cultures. We also excluded the possibility that TGF-␤1-induced synaptogenesis might be attributed to an increase in neuronal survival or neurite outgrowth, which could result in the formation of more nerve-muscle contacts. As shown in supplemental Fig S1 A-C , available at www.jneurosci.org as supplemental material, TGF-␤1 does not affect the survival or the neurite outgrowth of Xenopus spinal neurons in cultures. Although TGF-␤1 has been shown to promote neuronal survival in rat motoneuron cultures (Martinou et al., 1990) , the trophic stimulation in our culture system might have already elicited the maximum effect in promoting neuronal survival and neurite outgrowth (Hanson et al., 1998) . Thus, the increase in the synaptic number is most likely an effect of TGF-␤1 on synaptogenesis per se.
In neuron-muscle cocultures, growing neurites randomly contact muscle cells. After the encounter, postsynaptic structures are differentiated at the nerve-muscle contacts, including the clustering of AChRs. Neuronal agrin is important in clustering AChRs because agrin-deficient neurons fail to induce the formation of AChR clusters on muscle cells in vitro (Misgeld et al., 2005) . However, relatively little is known about how the expression of agrin in motoneurons is regulated during development. Previously, we have reported that although trophic stimulation promotes neuronal survival and neurite outgrowth, it downregulates neuronal agrin synthesis, which may account for the decreased synaptogenic ability of spinal neurons (Peng et al., 2003) . Molecules derived from Schwann cells promote synaptogenesis at the nerve-muscle contact by restoring the expression of neuronal agrin. Our current data demonstrate that Schwann cellderived TGF-␤1 also restores agrin expression in neurons, which could explain the increase of synaptic numbers by TGF-␤1. The similar property of SC-CM and TGF-␤1 with regard to modulating agrin expression further suggests that TGF-␤1 mediates Schwann cell-enhanced synapse formation. Given that fewer and smaller AChR clusters are formed at nerve-muscle contacts in agrin Ϫ/Ϫ mice (Gautam et al., 1996) , restoration of neuronal agrin expression would induce larger and more numerous AChR clusters. Our finding is consistent with this idea, because both the number and the size of AChR clusters at nerve-muscle contacts were increased in TGF-␤1-treated cocultures.
Our finding that TGF-␤1 upregulates agrin expression in pure neuron cultures indicates that TGF-␤1 acts directly on presynaptic neurons rather than through muscle cells. Furthermore, the changes in gene expression of agrin suggest the involvement of the neuronal soma in the synaptogenic effect of TGF-␤1. We do not know, however, whether TGF-␤1 acts directly on nerve terminals, motor axons, and/or the neuronal soma. T␤R-II receptors are localized at mammalian motor nerve terminals and on motoneuron cell bodies (Krieglstein et al., 1998; Jiang et al., 2000) . It is thus possible that TGF-␤1 binds to T␤R-II receptors on the nerve terminal, which phosphorylates T␤R-I and in turn activates the signaling pathway in neurons that turns on agrin expression.
Possible roles of TGF-␤1 in the development of NMJs in vivo
We have shown that mammalian Schwann cells, by releasing TGF-␤1, also increase synapse number in Xenopus cultures. A similar synaptogenic effect of mammalian Schwann cells has been reported in mammalian motoneuron cultures (Ullian et al., 2004) , as well as in rat motoneuron and human muscle fiber cocultures (Guettier-Sigrist et al., 2000; Mars et al., 2001) . It would be intriguing to test whether these synaptogenic effects of Schwann cells are also mediated by TGF-␤1. The in vitro effect of TGF-␤1 raises the question whether TGF-␤1 plays a similar synaptogenic role in developing NMJs in vivo. Studies from Drosophila have shown that BMPs, members of the TGF-␤ superfamily, are retrograde signals from muscles to enhance synaptic growth at the NMJ (McCabe et al., 2003) . From the invertebrate studies, it is tempting to speculate that TGF-␤1 also plays a role in developing vertebrate NMJs in vivo. TGF-␤1 is expressed by Schwann cells, and its protein is present in vertebrate NMJs (Scherer et al., 1993) . Furthermore, T␤R-II receptors are localized at the NMJ (Krieglstein et al., 1998; Jiang et al., 2000) . However, direct evidence that TGF-␤1 promotes synaptogenesis at vertebrate NMJs is missing. TGF-␤1 Ϫ/Ϫ mice have been generated to study the multiple functions of TGF-␤1. Unfortunately, 50% of TGF-␤1 Ϫ/Ϫ mice of a mixed genetic background die before embryonic day 9 because of defects in vasculogenesis and angiogenesis (Shull et al., 1992; Kulkarni et al., 1993) . The remaining 50% die at ϳ3-4 weeks because of wasting syndrome. Whether NMJ development is impaired in TGF-␤1 Ϫ/Ϫ mice remains to be examined. Our findings provide additional evidence supporting the concept that Schwann cells are active players in the NMJ. PSCs extend processes that guide nerve terminal growth during development and regeneration. The loss of transiently formed NMJs in mutants lacking Schwann cells suggests the importance of Schwann cells in the maintenance of developing NMJs (Riethmacher et al., 1997; Morris et al., 1999; Woldeyesus et al., 1999; Lin et al., 2000; Wolpowitz et al., 2000) . Furthermore, our previous study, which used complement-mediated cell lysis to ablate PSCs in tadpole muscles, further highlighted the essential role of PSCs in promoting and guiding synaptic growth as well as AChR clustering . Our present study indicates that Schwann cell-derived TGF-␤1 promotes synaptogenesis. Whether TGF-␤1 is also involved in the maintenance or guidance roles of PSCs in synaptic growth remains to be investigated. Moreover, our recent finding that Schwann cell-derived molecules potentiate spontaneous synaptic transmission at developing NMJs provides another potential mechanism by which Schwann cells promote the maturation and growth of developing NMJs (Cao and Ko, 2007) .
In conclusion, we have demonstrated that TGF-␤1 is a Schwann cell-derived molecule that promotes synaptogenesis at nerve-muscle contacts in vitro. Similar glia-enhanced synaptogenesis has also been observed at CNS synapses. Together, these studies further support the concept that glial cells are an essential and integral element of the tripartite synapse. The identification of TGF-␤1 as a Schwann cell-derived synaptogenic molecule that complements astrocyte-derived synaptogenic molecules in the CNS should advance the molecular understanding of synapseglia interactions.
